Experimental studies attempting to evaluate the delayed fracture property of high strength bolt steels by using slow strain rate tests (SSRT) of circumferentially notched round bar specimens are reviewed in this paper. The relationship between the notch tensile strength (NTS) of the hydrogen-precharged specimens and the hydrogen content was approximated by power law relationship. It has been found that the local stress and the local diffusible hydrogen concentration control the occurrence of delayed fracture. To take into account the effect of hydrogen uptake from the environment, the notched bar specimens were subjected to cyclic corrosion test (CCT) and outdoor exposure, and their NTSs were measured using SSRT. The susceptibility of high strength steels to delayed fracture estimated from the decrease of NTS was correspondent to the fracture ratio of high strength bolts of the steels obtained by outdoor exposure tests, and was successfully evaluated with consideration of hydrogen uptake. Hydrogen entry behavior under CCT was monitored by electrochemical hydrogen permeation test, and continuous increase in hydrogen entry with growth of rust layer was observed. It is suggested that the "delay" of delayed fracture is the time required for the enhancement of the hydrogen entry efficiency.
Introduction
Evaluation of delayed fracture property and controlling delayed fracture of high strength steels become more important as the demand for ultrahigh strength steels increases. Delayed fracture is not a problem only of high strength bolts, 1) but also of PC steel bars, 2) steel sheets, 3, 4) reinforcing rods, [5] [6] [7] Al alloys 8, 9) and stainless steels [10] [11] [12] for hydrogen pressure vessels and so forth.
Delayed fracture of high strength steels is thought to be caused by diffusible hydrogen which diffuses in steels at room temperature. 13) Therefore, factors corresponding to delayed fracture property such as critical stress for delayed fracture, fracture time and KISCC were evaluated as a function of, for instance, baking time after hydrogen charging, 14) hydrogen pressure, 15, 16) potential 17) and current density 18) of electrochemical hydrogen charging. Though the mechanism of delayed fracture is not clarified, yet, and the direct influence of diffusible hydrogen content on delayed fracture is still controversial [19] [20] [21] in spite of the extensive studies of delayed fracture, 19, [22] [23] [24] [25] [26] [27] critical diffusible hydrogen content for delayed fracture, HC, has been proposed as a parameter to evaluate the susceptibility to delayed fracture [28] [29] [30] [31] according to the recent progress of quantitative measurement of hydrogen content in steels. 32, 33) On the other hand, hydrogen entry from the environment, HE, should also be considered 29, 31) as another important controlling factor of delayed fracture because delayed fracture presumably takes place when HE exceeds HC. Researchers have tried to evaluate HE under outdoor exposure 29, [34] [35] [36] [37] [38] and cyclic corrosion test (CCT) 29, 35) to understand the effect of the environment on hydrogen entry and resulted delayed fracture.
There are some proposed methods to evaluate delayed fracture susceptibility. Yamasaki et al. evaluated delayed fracture property based on measurement of HC, obtained by constant load test (CLT) of hydrogen-precharged circumferentially notched round bar specimens (CNRBSs) in conjunction with measurement of HE. They have proposed (HC-HE)/HC as a parameter of delayed fracture susceptibility. 29) Kushida et al. adopted CLT under potentiostatic polarization at a potential reproducing hydrogen entry in a solution of pH 3.5 assuming the pH under crevice corrosion. They used the ratio of the minimum notch tensile strength (NTS) for delayed fracture to the NTS without hydrogen as the evaluation parameter. 39) This method does not include hydrogen measurement, but both hydrogen entry and its influence on the mechanical property are evaluated simultaneously. Constant-load bending test of a notched specimen in an acidic solution proposed to Japan Industrial Standards 1, 40) in 1981 is also a CLT method under hydrogen entry environment.
Takagi et al. conducted CLT at wide range of applied stress and obtained HC at each applied stress. 41) They also obtained critical NTS for delayed fracture by increasing applied stress in stepwise manner to obtain shape parameter in Weibull stress for evaluation of delayed fracture. 42 43) and the present authors [44] [45] [46] [47] [48] [49] carried out slow strain rate test (SSRT) of hydrogen-precharged CNRBSs, and obtained the relationship between NTS and hydrogen content. For convenience and simplification, Hagihara et al. proposed Conventional Strain Rate Test (CSRT) with a strain rate which is 2 orders of magnitude higher than that of SSRT. [50] [51] [52] From the relationship between NTS and hydrogen content obtained by using SSRT and CSRT, the critical hydrogen content for delayed fracture, HC, and the local critical diffusible hydrogen concentration, HC*, at a given applied stress can be estimated, respectively.
Wurushihara et al. conducted SSRT of round smooth bar specimen of high strength steels containing hydrogen traps related to the additive V 29, 53) and/or Ti [54] [55] [56] after CCT or immersion in an acidic aqueous solution, and evaluated the reduction of elongation.
57) The present authors conducted CLT 58) and SSRT of CNRBSs corroded by CCT 59, 60) and outdoor exposure 60, 61) to take into account the hydrogen entry caused by corrosion and its influence on delayed fracture of high strength steels. To avoid hydrogen release from the steels which do not contain hydrogen traps such as carbides of V 29, 53) and Ti, [54] [55] [56] the environment surrounding the specimen was kept wet during those tensile tests.
In this paper, evaluation of susceptibility of the high strength steels to delayed fracture by using SSRT after hydrogen precharging and SSRT after CCT and outdoor exposure attempting to consider the hydrogen entry from the environment are reviewed. Prior to that, the results of exposure test of high strength construction bolts conducted in Okinawa and Tsukuba, Japan, are shown. In addition, hydrogen entry behavior monitored by using electrochemical hydrogen permeation method is shown.
Materials
High strength steel materials used for CLT and SSRT after hydrogen precharging, CCT and outdoor exposure in the studies summarized in this paper were SCM435 steels, boron-bearing steels for F10T-class high strength bolts and 1 700 MPa-class prototype ultrahigh strength steel (NIMS17). 62, 63) The carbides related to additive Mo in NIMS17 is thought to act as hydrogen trap.
The chemical compositions of the high strength steels used for SSRT after hydrogen precharging is shown in Table 1 . The heat treatment conditions and the tensile strength are given in Table 2 . The critical diffusible hydrogen content, HC, of the steels obtained by CLT of hydrogen precharged CNRBSs ( Fig. 1) with Kt of 4.9 are also shown in Table 2 . The applied stress for the CLT was 90% of the tensile strength of a smooth bar specimen, and the maximum hydrogen content of a specimen not fractured for 100 h was regarded as HC. For the experiment of CLT and SSRT after CCT and outdoor exposure, steels of other lots whose chemical compositions and material properties were almost the same as those shown Tables 1 and 2 , respectively, were used. 36) An exposure test of high strength bolts was started by a joint research project of the Japan Iron and Steel Federation (JISF) and Building Research Institute (BRI) in 1999. In 2002, the exposure test was taken over by a joint research project of JISF, BRI and National Research Institute for Materials Science (NIMS). The exposure test was then continued by a project of Japanese Society of Steel Construction (JSSC) since 2004 and the fracture ratio of high strength bolts during the long term exposure test was reported. 36) In the exposure test, construction bolts meeting Japan Industrial Standards (JIS) with a diameter of 22 mm were exposed at Okinawa and Tsukuba, Japan. The bolts were made of the high strength steels with tensile strength level of 1 100 to 1 500 MPa, and the steels were almost the same as B15, B13, A13 and A11 in Tables 1 and 2 .
Exposure Test of High Strength Steel Bolts
The environments of the exposure sites, Okinawa and Tsukuba, are rural/coastal and rural, respectively, and the corrosivity of the environment in Okinawa is more severe than that in Tsukuba.
64) The applied stress of the bolts whose exposure test was started in 1999 was 0.82 σ bu Abe. Here, σ bu is the tensile strength of the bolt and Abe is the effective cross section at the thread of the bolt. Figure 2 shows the change in cumulative fracture ratio of high strength bolts exposed at Okinawa and Tsukuba, Japan, since 1999. The cumulative fracture ratios are also summarized in Table 3 . The initial fracture of a bolt made of B15 with the highest strength level exposed at Okinawa occurred first, followed by the initiation of fracture of B15 bolt Table 1 . Chemical compositions of high strength steels (mass%). Table 2 . Heat treatment conditions, tensile strengths and critical diffusible hydrogen contents of high strength steels shown in Table 1 . HC was obtained by using constant load test except for A11. *HC of A11 was obtained by using SSRT. exposed at Tsukuba. The increase in the cumulative fracture ratio of B15 bolts exposed at Okinawa was most remarkable in comparison with the others. B13 bolts whose strength level is lower than that of B15 showed slower increase of fracture ratio. A13 bolts also showed fracture, though the fracture ratio is much lower that that of B15 and B13 bolts and the initial fracture occurred after long period of exposure time. In contrast to those bolts, no A11 bolt was fractured for more than 10 years. From the result of the outdoor exposure, the order of the susceptibility of the high strength steels to delayed fracture is concluded as follows.
Steel

B15 > B13 > A13 > A11
The changes in cumulative fracture ratios of the high strength bolts are also shown in a Weibull plot (Fig. 3) . The increase of cumulative fracture ratio is roughly divided into two straight lines, and the former slope is relatively steeper than the later. The former slopes of B15 and B13 bolts in both exposure sites are similar to each other though the duration for the initiation of fracture is different. It is interesting to note that the slopes of A13 bolts in both of the exposure sites are similar to that of B15 and B13 bolts though the initiation of fracture of A13 bolt was extremely delayed.
An additional exposure test of bolts made of almost the same materials has been started in 2003 at the same exposure sites simultaneously with the former exposure test and the role of degree of plastic deformation at the thread was investigated. The results of long time exposure tests of high strength bolts were summarized in a report.
36) The measured diffusible hydrogen content from the environment, H E , in the exposed bolts are also shown in the report, though quantitative measurement of hydrogen content in bolts exposed to environments whose conditions are changing with time is difficult. Figure 4 shows the relation between parameters of H E /H C and H C /H E and cumulative ratio of fracture of exposed bolts in Okinawa. For the parameter of H E , the maximum value of H E in notched bar specimens of B15, B13 and A13 measured after outdoor exposure and SSRT as will be described later was adopted. For H E of A11, the maximum H E of exposed bolt was used. The correspondence between the parameters and cumulative ratio of fracture of exposed bolt suggests that hydrogen content-based evaluation can predict the susceptibility of high strength steels to delayed fracture.
The report 36) also contains proposed evaluation method for the critical local diffusible hydrogen concentration for delayed fracture, H C *, using conventional strain rate test (CSRT) [50] [51] [52] and numerical analysis of local diffusible hydrogen concentration from the environment at the vicinity of notch root where local stress is the highest, H E *. [44] [45] [46] [47] [48] [49] 65) Slow strain rate test (SSRT) was performed using CNRB- The maximum value of HE measured after SSRT of exposed notched bar specimens was used as HE of B15, B13 and A13. The maximum HE of exposed bolt was used as HE of A11.
SSRT after Hydrogen Precharging
ISIJ International, Vol. 52 (2012), No. 2 Ss, whose geometry is shown in Fig. 1 , after galvanostatic hydrogen precharging in a 3% NaCl+0.3% NH4SCN or a 0.1 M NaOH aqueous solution. The specimens were plated with Cd to avoid hydrogen release during SSRT. To allow hydrogen diffuse to the stress concentrated region during SSRT, the cross-head speed was set at 0.005 mm/min. 49) After SSRT, the Cd plating was removed by anodic dissolution. The diffusible hydrogen content in the fractured specimens was measured by means of thermal desorption analysis with a thermal desorption apparatus equipped with a quadru-pole mass spectrometer (R-Dec Co. Ltd.) at a heating rate of 100°C/h.
The NTS of the high strength steels decreased with diffusible hydrogen content as shown in Fig. 5 . [44] [45] [46] [47] [48] [49] 65) B15 showed the most significant decrease in NTS among the steels tested. The order of susceptibility of the steels to delayed fracture estimated from the NTS-hydrogen content relationship was;
This order is in good agreement with the order of cumulative fracture ratio of the outdoor-exposed high strength bolts as described above. According to the NTS-hydrogen content relationship, the susceptibility of NIMS17 to delayed fracture was estimated to be similar to that of A11.
The fracture surfaces of B15, 48) B13, 47) A13 44, 46) specimens and A11 specimens in the relatively high hydrogen content region showed intergranular fracture mode. 46) In contrast, A11 in the hydrogen content range up to about 0.5 wppm 46) and NIMS17 60) showed quasi-cleavage fracture surface.
It has been found that the relationship between the decrease in NTS and the increase in diffusible hydrogen content was approximated by power law as shown in the double logarithmic plot in Fig. 6 when intergranular fracture took place around the crack initiation sites. [46] [47] [48] Though the fracture mode of NIMS17 was quasi-cleavage, NTS-hydrogen content relationship of NIMS17 was also approximated by power law relationship. Therefore, HC at any applied stress can be estimated if the power law relationship is obtained from experimental data.
The susceptibility of the notched bar specimens to delayed fracture was changed with the change in the stress concentration factor, Kt. As shown in Fig. 7 , the susceptibility of B15 and B13 specimens to delayed fracture increased with increasing in Kt. 47, 48) The Kt was controlled with changing the notch root radius. Notch root radii of 0.1, 0.25 and 0.8 are correspondent to Kt of 4.9, 3.3 and 2.1, respectively.
By using Finite Element Analysis (FEA), the peak value of the maximum principal stress was calculated. The peak value of locally accumulated diffusible hydrogen concentration was also calculated from hydrostatic stress obtained by means of FEA and Oriani's equation. 66) Despite the difference in Kt, all the data points of respective steel were almost on one straight line in the double logarithmic plot (Fig. 8) . Therefore, it can be said that the local stress and the local hydrogen concentration control the occurrence of delayed fracture. 47, 48) The relation is useful because it is expected that HC for any applied stress and any geometry of parts can be estimated by using the obtained relationship and FEA. 59, 60) SSRT was conducted after cyclic corrosion test (CCT) that is an accelerated corrosion test simulating atmospheric Prior to the investigation using SSRT after CCT, constant load test (CLT) of CNRBSs ( Fig. 1) under controlled humidity was performed after CCT. 58) This test aimed to clarify the direct effect of hydrogen entry into a specimen caused by corrosion on the delayed fracture occurrence. 90% of tensile strength of a smooth bar specimen was applied to the specimens corroded using CCT. The humidity was increased in stepwise manner during the CLT to enhance corrosion and to increase hydrogen entry. It has been found that delayed fracture of B15 took place when the diffusible hydrogen content from the environment, HE, exceeded the critical diffusible hydrogen content for delayed fracture, H C . 58) When H E was lower than H C delayed fracture of B15 did not occur. On the other hand, H E of B13 specimens was always lower than the H C and no delayed fracture of B13 specimen occurred.
SSRT after Cyclic Corrosion Test
CLT after outdoor exposure was also carried out. Delayed fracture of one of three B15 specimens exposed for 3 month in Tsukuba, where is rural and the corrosivity of the environment is relatively mild, occurred during CLT under high humidity. H E in the fractured specimen was higher than the H C of B15. In contrast, H E in the other two exposed B15 specimens not fractured was lower than the H C . The good correspondence of the occurrence of delayed fracture and the balance between H E and H C suggests that diffusible hydrogen content is an important controlling factor for delayed fracture. 58) In order to evaluate the susceptibility to delayed fracture more quantitatively, SSRT was adopted for the evaluation after CCT of CNRBSs (Fig. 1) , expecting that the decrease of NTS reflects the degree of the susceptibility to delayed fracture. 59, 60) During SSRT, the environment around the specimen rusted by CCT was kept wet to keep diffusible hydrogen in the specimen. Figure 9 shows the change in NTS of high strength steel specimens with CCT cycle number. The CCT and SSRT conditions were the same as that described above. With increase in CCT cycle number, the NTS of B15 specimen was decreased significantly. NTS of B13 also decreased by CCT, but the decrease was less significant than that of B15. By contrast, A13 showed no clear decrease in NTS. NIMS17 whose tensile strength was 1 760 MPa showed remarkable decrease in NTS similarly to B15 60) though the susceptibility of NIMS17 was estimated to be apparently similar to that of A11 according to the NTS-hydrogen content relationship as mentioned before (Figs. 5 and 6) .
The hydrogen uptake behaviors of the steels as a function of CCT cycle number is shown in Fig. 10 . HE of B15, B13 and A13 were similar to each other and the hydrogen content in the steels reached roughly 0.1 wppm. Compared to those steels, NIMS17 absorbed considerable amount of hydrogen, 60) most probably due to the hydrogen trap sites related with nano-scale carbides of additive Mo. 62) The NTSs of B15 and B13 decreased obviously with corrosion by CCT, and the minimum NTS was found after CCT of 100 to 120 cycles. Further increase of CCT cycle number resulted in a recovery of the NTS of both steels (Fig. 9) . Since H E of the steels was almost constant after a while, the recovery of NTS seems to be because of reduction of K t caused by corrosion. 59) In the case of NIMS17, the change 59, 60) in its NTS and HE showed correspondence, and both the changes in HE and Kt might be responsible for the recovery of NTS.
60)
Hydrogen trapping effect is often expected to mitigate hydrogen embrittlement by reducing the local hydrogen concentration at crack initiation sites. However, the result of NIMS17 suggested that hydrogen traps increase the total hydrogen uptake but do not necessarily decrease the concentration of free hydrogen that causes fracture when hydrogen intrusion is continuous in such a severely corrosive environment. 29) Under the CCT condition, the expected effect of hydrogen trap to mitigate hydrogen embrittlement was not evident. Thus, the resistance of NIMS17 to delayed fracture in the CCT condition was not superior to the tested steels. In fact, exposure test of NIMS17 bolts started in March, 2006 and continued for 33 months resulted in the cumulative fracture ratio of about 5%, and the ratio was similar to that of B15 bolts exposed at the same site, Tsukuba (Fig. 2) for the same duration, 63) though the starting of the exposure tests and the environmental conditions during the tests were not the same.
The NTS of the high strength steels is plotted as a function of diffusible hydrogen content in Fig. 11 . The NTS tended to decrease with diffusible hydrogen content. From the decrease in NTS, the order of susceptibility to delayed fracture was as follows.
B15 ≈ NIMS17 > B13 > A13
The order was correspondent to that obtained from the fracture ratio of construction bolts made of B15, B13 and A13 exposed at Okinawa and Tsukuba. 36) In the case of exposed bolts, the bolts are inside of a hole of plates fastened by the bolts and the environment surrounding the bolt does not have direct access to the environment open to air. In the case of delayed fracture of high strength bolts, crack initiation occurs mostly at thread groove where stress is concentrated. When delayed fracture occurs at a part of thread where is covered with a nut, one of the possible causes of hydrogen entry is crevice corrosion. [67] [68] [69] Further understanding of hydrogen entry behavior into actual high strength bolts in service is required in detail. However, the susceptibility of high strength steels could be appropriately evaluated using CCT and SSRT. The procedure of the method is relatively simple and easy, and it can take into account both the influence of hydrogen entry and its effect on the mechanical property of high strength steels simultaneously. 60, 61) To investigate the effect of hydrogen entry under actual atmospheric corrosion environment, the CNRBSs whose Kt was 4.9 ( Fig. 1) were exposed at exposure sites located in Choshi and Tsukuba and SSRT of the corroded specimens was conducted. Choshi is in coastal/rural area and Tsukuba is in rural area, and corrosivity of the environment in Choshi is more severe than that of Tsukuba. 64) Atmospheric corrosion and following hydrogen entry are most probably affected with the rust layer with incorporated aggressive ions such as chloride ion. It is expected that the active hydrogen entry occurring at the exposure environment can be reproduced by applying high humidity to the rusted specimens in a laboratory. 58, 70) Therefore, the exposed specimens were kept in a constant temperature and humidity test chamber for 24 h prior to SSRT to introduce hydrogen with a simulated condition. The temperature and the relative humidity were set at 30°C and 98%RH, respectively. This procedure before SSRT also aims to homogenize hydrogen distribution in the specimen by allowing hydrogen to diffuse into interior of the specimen.
SSRT after Outdoor Exposure
The NTS of B15 and NIMS17 decreased by exposure at both Choshi and Tsukuba as shown in Fig. 12 . In contrast, the NTS of B13 and A13 did not show obvious decrease. 36, 61) The former decrease and the later recovery of NTSs of the steels in Fig. 12 seem correspondent to the change in hydrogen content shown in Fig. 13 . The NTS of NIMS 17 exposed at Choshi was lower that that at Tsukuba reflecting the difference in corrosivity of the environment, though the NTS of B15 did not show obvious dependence on the exposure site. As shown in Fig. 13 , both B15 and NIMS17 had dependence of hydrogen uptake on exposure site, and hydrogen content in the specimens exposed at Choshi tended to be higher than that at Tsukuba. This is probably because of the difference in corrosivity of the envi- Fig. 11 . The relationship between NTS of SNRBSs measured by using SSRT after CCT and diffusible hydrogen content. 87 ) Fig. 12 . Change in NTS of CNRBSs exposed at Choshi and Tsukuba with exposure time.
36,61) © 2012 ISIJ ronment of the exposure sites. The higher hydrogen content in NIMS17 was attributed to the hydrogen traps in NIMS17. 62) The corrosivity of the outdoor exposure is lower than that of the CCT described above, and corrosion rate decreases with growth of rust layer. 64) This decrease in corrosion rate and also seasonal change in the corrosivity at the exposure sites are probably responsible for the change in H E in Fig. 13 .
SSRT combined with outdoor exposure is relatively easy method for evaluation of delayed fracture property in comparison with exposure test of bolts. Though this method is more time consuming in comparison with the SSRT after CCT, the method can also evaluate the environmental harshness for delayed fracture. Furthermore, corrosion on the specimen surface is more homogeneous than that on exposed bolts so that the effect of H E on delayed fracture can be evaluated more quantitatively.
When H E measurement of exposed specimens is carried out, the exposed specimens are usually frozen in dry ice, for example, to prevent hydrogen release during transportation from the exposure site to a laboratory. In the case of the SSRT of exposed specimens, however, prevention of hydrogen release is not necessarily because the hydrogen entry at the exposure site is reproduced in the laboratory. Therefore, exposure sites in remote places such as isolated islands or foreign countries can be used. It will be interesting to examine the peculiarity of area and its influence on delayed fracture, for instance, heavy industrial region where air pollution level is high or coastal area in tropical region. 58, 71) Electrochemical hydrogen permeation is an useful method to investigate hydrogen entry and diffusion in metals, [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] hydrogen traps, 81, 82) and the method has been used to monitor hydrogen entry under outdoor exposure 34, 38, 83) and CCT 84) conditions. Omura et al. have reported the correspondence between hydrogen permeation current at an exposure site and fracture ratio of exposure bolts. 34) The method is also expected to enable quantitative measurement of hydrogen content in steels. 77, 85) In our study, hydrogen entry was monitored using electrochemical hydrogen permeation method under CCT condition to investigate the role of environment and progress of corrosion. 58, 71) For the investigation, commercially pure iron sheet was used. One side (hydrogen entry side) was exposed to the CCT environment and the opposite side (hydrogen exit side) was plated with Ni and was connected to an electrochemical cell filled with 0.1 M NaOH aqueous solution. The hydrogen permeation current was monitored under potentiostatic polarization at 0.1 V vs Hg/HgO reference electrode. The applied CCT condition was the same as the CCT described above and it consisted of dry, wet and salt spray stages.
Monitoring of Hydrogen Entry Behavior Using Electrochemical Hydrogen Permeation Method
As shown in Fig. 14 , the hydrogen permeation current density showed oscillation corresponding to the change of condition of each CCT cycle and gradually increased with time suggesting the enhancement of hydrogen entry with progress of corrosion. The almost linear increase of weight loss in Fig. 14 indicates that the corrosion rate did not change with time. Therefore, the enhancement of hydrogen permeation current is not because of change in corrosion rate. Thinning of the sheet specimen affects the hydrogen permeation current because of reduction of diffusion path, but the effect is not enough to explain the increase in the current.
Consequently, the enhancement of hydrogen entry is probably attributed to the decrease in pH of the interior of rust layer caused by hydrolysis of Fe(II) ion 70, 71, 84) and change of potential.
86) The decrease of pH of the interior of rust layer was measured by using W/WO3 probe after removing the exterior of the rust layer. It was found that pH decreased with the depth of the formed rust layer 70) and pH value decreased with growth of rust layer. 71) Thus, the increase of hydrogen permeation current implies that the 'delay' of delayed fracture is attributed to the time necessarily for HE to exceed HC due to enhancement the activity of hydrogen entry with the change in the nature of rust layer formed by atmospheric corrosion.
Summary
From our investigations of delayed fracture property of high strength steels the following findings have been obtained. Notch tensile strength (NTS) obtained by slow strain rate test (SSRT) of hydrogen-precharged circumferentially notched round bar specimens (CNRBSs) was approximated by power law relationship. Delayed fracture was controlled by local stress and local hydrogen concentration in the vicinity of the notch root.
Delayed fracture of specimens by constant load test (CLT) after cyclic corrosion test (CCT) and outdoor exposure test occurred when HE exceeded HC, suggesting that delayed fracture is controlled by hydrogen concentration.
The susceptibility to delayed fracture evaluated by using SSRT of the CNRBSs after CCT was in good agreement with the fracture ratio of exposed bolts. Thus, this method is appropriate for the evaluation of delayed fracture property with consideration of the effect of hydrogen uptake from the environment.
Ultrahigh strength steel containing hydrogen trap, NIMS17, had high HC, but its HE was also high. The effect of hydrogen trap to improve resistance to delayed fracture was not evident.
SSRT in conjunction with outdoor exposure was also useful to evaluate the delayed fracture property with consideration of hydrogen uptake from the environment. This method can be also used for evaluation of the degree of the environmental severeness for delayed fracture.
Electrochemical hydrogen permeation under CCT condition showed that hydrogen permeation current was increased with progress of corrosion and growth of rust layer. The increase is probably due to the enhancement of efficiency of hydrogen entry by the change of pH of inner rust layer and potential with the growth of rust layer. The 'delay' of delayed fracture is probably due to the time necessarily for HE to exceed HC.
